Alterations of acid-base balance, clearly defined as metabolic or respiratory in origin, were produced in anesthetized dogs; ventricular fibrillation thresholds were determined during these conditions. During metabolic acidosis, we found that the heart became more susceptible to ventricular fibrillation, as indicated by a decrease in the ventricular fibrillation threshold value. During metabolic alkalosis, the threshold to ventricular fibrillation increased. In contrast, similar variations in pH owing to respiratory acidosis and alkalosis did not affect the ventricular fibrillation threshold. Hyperventilation in dogs with metabolic acidosis, even though resulting in alkaline arterial blood pH, did not protect the hearts from the increased susceptibility to ventricular fibrillation which existed as long as a base deficit was present.
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• The factors which initiate ventricular fibrillation have been studied extensively, but remain poorly understood. Previous investigators have suggested that hypoxia, hypercapnia or electrolyte shifts may play a role in precipitating this arrhythmia. The present report describes the results of an investigation intended to evaluate the effects of acidosis, clearly defined as metabolic or respiratory in origin, upon the susceptibility of the heart to ventricular fibrillation. The data suggest that metabolic acidosis increases the susceptibility to ventricular fibrillation where- Accepted for publication February 10, 1966. as metabolic alkalosis tends to protect the heart against this arrhythmia. Respiratory acidosis and allcalosis, when not associated with other alterations in acid-base balance, seem to have no detectable influence on the vulnerability of the ventricle to fibrillate.
Methods
The susceptibility of the heart of the anesthetized dog to ventricular fibrillation was evaluated quantitatively by determining the threshold for ventricular fibrillation as described by Wiggers and Wegria. 1 The ventricular fibrillation threshold is defined as the least amount of electrical energy which, when applied directly to the surface of the heart, will induce ventricular fibrillation.
The electrical system used is illustrated in figure 1. Ventricular fibrillation thresholds were determined by applying single, brief electrical stimuli (2.5 msec in duration) of progressively increasing strength directly to the surface of the right ventricle. The electrodes were 1 cm apart and the area of contact of each electrode with the myocardium was 1.4 mm 2 . A 5,000 ohm resistor was included in one limb of the circuit of the stimu- Diagram of the electrical system used. Single rectangular stimuli from a Crass stimulator, model S4, were applied directly to the surface of the right ventricle through a bipolar electrode. Each stimulus was triggered by an R wave of the electrocardiogram. By means of a variable electrical delay the stimuli were timed, so as to arrive in the vulnerable period which occurs during the inscription of the T wave. The strength of the electrical stimuli applied was varied by controlling the output voltage of the stimulator. A 5000 ohm internal resistor was included in one limb of the stimulator circuit in order to minimize the effects of any variations in the electrical resistance of the system. lator in order to minimize the effects of any variations in the electrical resistance of the system. 2 . 3 In the present work the duration of each stimulus was kept constant; the electrical resistance offered by the system, consisting of the electrodes, electrode-tissue interface and myocardium, was 50 to 85 ohms and remained essentially constant during infusion of acids or base. Under these circumstances, the energy transferred is proportional to the current as calculated from the voltage drop across the 5,000 ohm resistor in series with the electrodes.
Each study was initiated with a subthreshold stimulus. The strength of each subsequent stimulus was then increased progressively until ventricular fibrillation occurred. The vulnerable period was scanned at each level of stimulation to determine the fibrillation threshold. Following an episode of fibrillation, the heart was rapidly defibrillated by a countershock from a d-c defibrillator.
PROCEDURE
The animals were anesthetized with pentobarbital (30 mg/kg) given intravenously and were ventilated artificially with a positive pressure respirator that permitted alterations in tidal volume, frequency of ventilation and composition of the inspired gas mixtures. The electrocardiogram, femoral arterial blood pressure, and endtidal carbon dioxide gas tension were monitored continuously. Heating blankets maintained each animal's temperature between 37 and 38°C. Arterial blood samples, obtained just prior to each fibrillation threshold determination, were analyzed for pH, carbon dioxide and oxygen tensions. In all experiments the animals breathed an oxygenenriched gas mixture which maintained the oxygen tension of the arterial blood at 100 mm Hg or above.
The heart was exposed by a median sternotomy and the pericardium was opened. For each experiment the ventricular fibrillation threshold was first ascertained before any changes in acid-base balance were induced. Three separate determinations were made. These were remarkably constant for each animal and served as the control value. Acid-base alterations were then produced, and ventricular fibrillation thresholds determined after the desired pH variations were achieved.
Metabolic acidosis was produced in 16 dogs by infusing either 0.3 M lactic acid (10 dogs) or 0.15 M hydrochloric acid (6 dogs); the blood pH was then restored to normal by the infusion of either 0.3 M sodium bicarbonate or 0.3 M trishydroxymethyl-amino-methane (THAM). After the base deficit was fully corrected, the infusion was continued so that a significant metabolic alkalosis resulted; fibrillation threshold was determined again.
Respiratory acidosis and alkalosis were produced in five animals. Respiratory acidosis was induced by decreasing the rate of the respirator while the animal was being ventilated with 100% oxygen; this led to carbon dioxide retention without hypoxia. Respiratory alkalosis was achieved by hyperventilation. Figure 2 and table 1 summarize the data from all experiments involving respiratory disturbances in acid-base balance. The minimal stimulus that would result in ventricular fibrillation, under normal conditions of acid-base balance, is indicated by the zero on the ordinate. The points plotted show the deviation from this control value during respiratory acidosis and alkalosis. It can be seen that over a pH range from 6.990 to 7.690, equivalent to arterial carbon dioxide tensions of 115 mm Hg and 13 mm Hg respectively, with the exception of two points, the ventricular fibrillation threshold varied ± 1 milliampere from that required to produce ventricular fibrilla-tion at normal blood pH and pCO 2 . Since the stimuli were varied in 1 milliampere increments, a change of this magnitude, which represents a deviation of only one increment, is not significant. Figure 3 and table 2 summarize the data from the experiments in which metabolic acidosis and alkalosis were produced. The ventricular fibrillation threshold decreased during acidosis and increased during alkalosis.
Results
The relationship between metabolic acidosis and ventricular fibrillation threshold was the same, whether the acidosis was produced by lactic acid or by hydrochloric acid. Similarly, the effects of metabolic alkalosis produced by sodium bicarbonate were the same as those associated with the THAM infusion. Figure 4 shows the ventricular fibrillation threshold values obtained during an experiment in which the low pH resulting from As metabolic acidosis increased, the ventricular fibrillation threshold declined progressively, from a control value of 9 milliamperes at pH of 7.420, to 8 milliamperes at pH of 7.300, and to 6 milliamperes at pH of 7.210. Respiratory alkalosis was then superimposed by increasing the rate of the respirator. The carbon dioxide tension of the arterial blood fell to 12 mm Hg and the pH rose to 7.640. The base deficit, however, persisted and the ventricular fibrillation threshold remained at 6 milliamperes. Further addition of acid lowered the fibrillation threshold to 5 milliamperes. When the respiratory frequency was then decreased to the rate which existed prior to the period of induced hyperventilation, 'These alterations were induced by infusion of lactic acid followed by sodium bicarbonate (five animals), lactic acid followed by THAM (five animals), hydrochloric acid followed by sodium bicarbonate (three animals) and hydrochloric acid followed by THAM (three animals). the state of uncompensated metabolic acidosis was restored. The fibrillation threshold remained at 5 miUiamperes. When sodium bicarbonate was subsequently infused to correct the base deficit, the pH of the arterial blood returned to the normal range and the ventricular fibrillation threshold rose to its control value of 9 milliamperes. This experiment demonstrates that, in the face of an existing metabolic acidosis, merely raising the pH by superimposing a respiratory alkalosis does not return the lowered fibrillation threshold to normal even though the pH of the blood may become alkaline. In order to restore the fibrillation threshold to the control value the base deficit associated with the metabolic disturbance must be corrected.
From these data it is apparent that, under the conditions of these experiments, acute metabolic acidosis is associated with a decrease in the ventricular fibrillation threshold, whereas during metabolic alkalosis, the threshold to ventricular fibrillation is increased. Changes in pH produced by respiratory variations alone appear to have no significant effect upon the ventricular fibrillation threshold.
Discussion
The explanation for the findings described above is not apparent at this time. Hypoxia was not a factor in these studies. Hypercapnia and hypocapnia did not influence the ventricular fibrillation threshold detectably. Since the bio-electric properties of cells are known to be affected by the partition of ions be-tween the intracellular and extracellular phases, it seems reasonable to suggest that the demonstrated alterations in cardiac excitability may be related to variations in transmembrane ionic gradients.
Calcium and potassium are known to affect cardiac function and the relationship between these ions and cardiac excitability has been emphasized. 6 " 7 Our data do not point to any significant correlation between the plasma potassium concentration and ventricular fibrillation threshold during either respiratory or metabolic acid-base disturbances (table 3) . This is consistent with the results obtained by Han et al., 8 as well as by Wexler and Patt; 9 these investigators were unable to detect any changes in ventricular vulnerability during hyperkalemia induced by infusion of potassium ions. Moreover, Brown and Miller, 10 and Young et al. 11 found an increase in the plasma potassium concentration during respiratory acidosis in the dog, but ventricular fibrillation did not develop in these animals during the period of hypercapnia. The arrhythmia did occur, however, in the immediate posthypercapneic period if the carbon dioxide tension was lowered suddenly to normal. This information suggests that a change in the plasma potassium concentration, when it occurs in the course of acid-base imbalance, is merely one factor in the metabolic disturbance but, per se, is not responsible for precipitating ventricular fibrillation. The role of calcium is less clear. Although we know that the concentration of ionized calcium in the blood will change as the pH shifts between 7.0 and 7.7, little significant information is available at this time which would help clarify the specific role of calcium in the phenomenon we have noted.
The concentration of free hydrogen ions in the extracellular fluid normally is such that its pH is approximately 7.4; the pH of the intracellular fluid is estimated to be in the range of 6.8 to 7.O. 12 Thus, there is normally a significant hydrogen ion concentration gradient across the cellular membranes. Because of the slow transmembrane diffusion of ions, this gradient is undoubtedly influenced by alterations in acid-base balance due to metabolic factors. In contrast, since carbon dioxide diffuses readily across biological membranes, acid-base disturbances due to respiratory variations are unlikely to alter the threshold of cellular excitability. Until more is known of the distribution and concentration of ions within the myocardial cells and their specific changes in response to metabolic and respiratory acidosis, little progress can be expected in elucidating the mechanisms responsible for the changes in ventricular excitability.
Although it may not be justifiable to extrapolate conclusions derived from an experimental study such as this to human physiology, documented clinical experience, as reflected by several reports in the current literature, appears to be consistent with the results obtained by us in the laboratory. These reports emphasize that attempts to resuscitate the fibrillating human heart in the presence of severe metabolic acidosis are not likely to be successful. The arrhythmia recurs rapidly even in those instances in which it has been reverted briefly. Harden et al. 18 failed, on three occasions, to defibrillate, with electric countershock, the heart of a patient in ventricular fibrillation, but normal sinus rhythm reappeared shortly after the administration of sodium bicarbonate. A similar case was described by Stewart et al. 14 Brooks and Feldman 15 reported two instances of ventricular fibrillation in patients with metabolic acidosis whose hearts could not be defibrillated successfully until the acidosis was corrected by infusion of sodium bicarbonate. Furthermore, the onset of ventricular fibrillation shortly after restoring blood flow to large masses of hypoxic tissue, as has been reported following venous inflow occlusion, 16 or after removal of occluding aortic clamps, 17 suggests that the arrhythmia may have been precipitated by perfusion of the heart with blood carrying acidic end-products of anaerobic metabolism from the hypoxic cells. The promptness with which the arrhythmia sometimes occurs after the heart is first perfused with such blood, 18 and the rapid improvement in cardiac func- •No apparent correlation between serum potassium level and ventricular fibrillation threshold.
tion following correction of metabolic acidosis by infusion of alkali or buffer solutions, suggests that these changes in cardiac physiology may be due to variations in the gradients of hydrogen or other, so far undetermined, ions across the membrane of the myocardial cells.
